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ABSTRACT

Prelinminary investigations of power spectrum estimates for signal sirength
and corresponding ses~state time fluctuations are reparted for an ovarater path
between two drilling platforms in the Qulf of Mexico.

Signal strength measurements at wavelengths of 9.0, 5.3, 3.2 and 086 cus
and corresponding ocean~wave rec rdings are included in the aualysis,

The method of analysis is described with a discussion of important limitations
and assumption involved in the techniques,

I, INTRODUCTION

A recent report from this laboratory [1] gave the results of the reflection
characteristics of centimeter and millimezer radio waves for a path over the Gulf
of Mexico, This report gave these characteristics for wavelergths of 9.0, 5.3,
3,2 ard 0,86 cms over an open-nes path betweca two drilling platforms off Grand
Island, Louisiana, (Pigure 1),

It is the purpose of this report to presant the powsr spectra estimates of
the time fluctuations of these radio signals and the corresponding ocean-wave

recordings,

II, DATA INFORMATION

The details of the radio trensmitiers, rcceivers and ocean-waves recorder are
described in Report 64 [1] and wdll not be repea-ed hers. The transmitters were
located on the seaward drilling platform at heights of either 15 €t or 38 ft msl,
The receivers weres on the shorvward platform at heights of either 14 ft or 53 ft
msl, The platforms were 5027 ft apart and 8 miles off shore, Measurements were
made with the antennas both vertically and horisonally polarized,

A record of water-wvave height was taken with a step type wave gage, with
stepa every 0,2 ft, The gago was located near a l4~in. diameier pile on the sece~
ward side of the recoiver rlatfomm,
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2, The amplitudes of the water waves for frequencies above ons cycle
per second are negligitle,

3. It would appear that it would be desirable to compare tho sea state
with the signal strength in volts, rather than in decibels so that each of the
auantities would be cxpressed ss a differunce of two quantities, Ths labor of
roplotting the original data to a voltage scale and the errors accumlated in
such a process prohibited this being done, Hance it is assumed that the frequency
componants cof the signal strength exprossod in volts would be ine same as vhen
oxpressed in docibels, This has been checked for one sample of data involving
the 3.2 cm signal (see Figure 9),where tl!ds was found to be a reasonsble assumption,

VI, ANALYSIS OF THE DATA

The power gpoctra of the data were madc by first obtaining thelr autocorre-
lation function with the correlation computer developed at this Laboratory [3].
This fuznction was analyzod into its frequency components by a method presented
by Tukay [2] and outlined in the Appendix, This results in the power spectra re-
presenting the average power in a band about the frequancy in question,

For the comparison of the power spectra of the signal strength and simul-
tansous wea state, curves are plotted on a normalized basis (Pigures 3-5, 8-11),
In order to show the relative vowar cf the signal strength variations for the
various wavelengths, the power spectra of these variations are plotted in pro-
portion to their rms value (Figures 6, 12), A simiiar met of curves shows the
relative powsr for the sea state variations (Figures 7, 13).

Since it is of interest to know as much as possible about the amplitude dis-
tribution of the time variations when dealing with correlation and power cpectrum
analysie, the signal strength on a decibel basis was plotted on normai distri-
bution coordinates, as shown in Figure li, for the data of 7 August, This was
also done for the sea~stats data on the same day as shown in Figure 15, All of
the power spectrum estimates shown were for vertically polarized radio signals,

VII. RZSULTS

Piguras 3, 4 and % sliow the normalized powur spectra at the radio signals
and simultanecus sea state for wavelongths of 0,86 cm, 3.2 cm and 5,3 ¢m taken
on 6 August, No analysis of the 9~ca signal was mads, since the signal had no
appreciable variaticn, Pigures & and 7 show the relative power spectra of these
radio siglals and sea states,

Figures 8, 9, iU and 11 show the normalizad power spectra at 0,86-, 3,2-,
5.3- and 9-cm radioc signals and corresponding ssa states for 7 August, Figures
12 and 13 show the relative spactra of this data, Figure 9 also shows the results
of the analysis of “he radio signal on a voltage basis as well as on a decibel
basis,

\._,_,_ |

N

-~

- ae




R %glﬁﬁ.%:;}u._.ﬁiasxﬁa?

0280 :IWIL ‘2661 ‘9 LSNONV — 3LVLS V3I$
SNOINVLINWIS ONV SIVNOIS 0IQvH WD €S HOd
(QOHLIW A3NNL) SILVYWILSI WNYLIILS HIMOd QIZITVWHON-E€ 914

'33S/$3710AD - ADN3NO3Y 4
Ol 60 80 L0 90 GO0 v0 €0 20 I'0 o

r : e o= ¢ v T T T T 0
X
m
r
>
=
<
m
o
o
b3
m
0
‘BA-HLON3YHI1IS TVUNIIS
31V1S V3S
- 0v

. e ~ N i Lo e ) : ot I ....,.J;
TR bl b dog x,//fx/.,,/ é?

Wb Nrln b

S s + i D Bt S OBA Yoo h . Ve e Gmime b HElL d e aE s o g

13¢9

EER,

- 93




e e R 1/ y a o T B W. R : ” 5 i+ 2 . .7 .
- . IR L2 ek 2 mﬂi.a?z!.. pidd i % . ¥ w.. ¥ ¢

~ s
8620 '3IWIL ‘2561 ‘9 LSNINV — 31ViS V3S e
SNO3NVLINWIS ANV STIVYNOIS 0I1dvH ‘WO 2¢€ ¥dO0d -
{JOHL3IW AINL) SILYWILSI WNYLIIHS H3IMOJ Q3ZINMVYNYON-b 914
; '93S/S3710AD - AON3IND3IYS
| o 60 80 (0 90 GO 0 €0 20 10 o)
g — T T o 0]
i
vo._ H
i
=
w 80 - HION3H1S TVNIIS <
o)
(@}
£
m
40z ”
31V1S Vv3S L
-Gt

| Smanaaaan e P 1"!’!00\‘!-.0.1 WA @B erties e Pits e ceo Bbrtm dmatio Wb S8 s o WA Lo e cegre



- —— o - sl e

PE——— L g S B )

o

-~ e — & T PR WP APV, A e ey

CERL 1351
4 - 53

G060 3INWIL ‘2661 ‘9 1SNoONV - 31v1lS v3S ,
SNO3NVLINWIS GNV SIVNOIS OIavd ‘W) 980 ¥Od .ﬂ.
(QOHLIW AINNL) SILVWILSI WNH1D3dS H¥3MOd G3ZITVWHON-G Oid .

'33S/S310AD = AON3NDIYS
ol 60 80 L0 90 140 v0 €0 rA) 10 0
T Y T T 0

G0

‘80 - H19N3HIS TVYNOIS

1
o
Y3IMO0d 3AI1LVI3Y

31V1S V3S

bt

. .
{
|
" . . ot A ’
e _..< h 4 ' 3 . e Wit st e wnw "] ‘
o Bl sk =i =

l{f ADIR Grs P TOMogqs s} B aP (bt s 4 + 400 B0 00050 ¢ BILBE 2 ¢50 v 0 “0s Bbohe Baroo b 4o a ool aBict ac. sy SEMILIMG o L i e e a m e tmee ws A PR ST - l"_




I Al BN

2661 ‘9 LsSNonv
STYNOIS 01avH WD 980 GNV “WD 2¢ ‘WD €G ¥04
(QOHL3IW A3IMNNL) SILVWILSI WNHLID3dS ¥3IMOd 3AILVI3IY-9 914

J3S/S370AD - AON3ND3YS
Ol 60 80 L0 90 SO 140 €0 20 10

p o]
m
- (.
v %
—
\ / / <
\/ﬁ / :
A i d
(&
W) 980~ \. \ / der 3
m
{\ N
402
L}
Jdge2

352

EERL

a4 -



e g

S A e

[

'2G61'9 1SNONY — SIYNOIS 01AVYH WD 980 ANV

WO 2¢ “WD €S 0L 9NIQ

(QOHL3IW A3XN1) SILVWILSI WNYLI3dS H3IMOd 3AILvIIY-2 914

NOdS3IHH0D 31VvlS Vv3S dHO0d

J3S/S370A0 - AIDN3NO3YA

o'l 60 80 L0 90 SO 0O <O 20 10 O
r T «Aﬁ'ﬂ T T T T T ~ 0O
N\ :
XN
X .AYI;K\JP —H $C
a/
.,./ .x
\ -~
\ )
X .&)/N\ M
A= o
- i
\
o A /
/A /
/ \ !
\
/ ' m ~ Gl
(0280) WD €67 0 f
/
X
(8G20) W) N.m\ - 0¢

83M0d 3AI11VI3Y

1353

FERL



G2l 3WIL ‘2661 ‘L 1SN9NV - 31Vv1S v3S
SAO3NVLINWIS ANV SITUNSIS 01dvy WD 06 ¥HO4
(QOHL3IW A3NNL) SILYWILSI WNHLI3IHS HIMOd A3ZINVWHON-8 914

e

ol

60

'33S/S313A0 - ASN3ND3Y4
€0

80 L0 90 SO v 0

20

§

)

T

31V1S v3s—

-~

80 - HIONINIS TYNOIS—

Jd

O

02

o¢

Y3MO0d 3A11VI3Y



—— "% F——y

GHOI (3IWIL ‘2661 ‘2 1SN9NV - 31v1lS v3S

SNO3NVLINWIS ANV STIYNOIS OIdvd WO €6 YHOd
(QOHL3W A3XMNL) S3LVWILS3 ¥3MOd Q3ZITVWHYON-6 914

93S/S3T10AD - AON3IND3Y4
o1 60 80 L0 90 SO v0 €0 20

10

T LI T T T

JiNLS ¥a5~

80 - HIO9NIYIS TYNDIS -

>0l

02

-1 0%

-~ 0Ov

Y3MOd 3A11V13Y

4

'35

LERL



13

‘0011 - IWIL 2661 ‘'L 1SNONVY - 31VLS v3S SNOINVLINWIS ONV
SISvE 3JOVLITIOA ANV 80 NO STUNOIS 0Oldavd WD 2¢€ HO4

(QOHL13W A3IMNL) SILYWILSI WNH1D3dS H3IMOd A3ZITVWHON-OI 914

J3S/S3ATDAD - ADN3NO3YH A
o} 60 80 L0 90 GO v0 €0 20 10

T | 1 f

31V1S v3S -/

¥313W/SL1T10A- HIONIYLS TYNOIS

]
80 - HION3Y¥1S 1VUNOIS

0é

YIMOd 3AI1LVI3Y




o

AN P TS

sadfis

AL IRNGeeT

S AT TG VRS ol L

i4q

57

-~

')

£t4.

0101 :3NWIL ‘2661 ‘2 1SN9NVY - 31VIS Vv3S
SNO3INVLIINWIS ANV SIVYN9IS 01avy WD 980 Y04
(QOHL3W A3M¥NL) SILVWILSI WNHL1D3I4S H3IMOd Q3ZITYWHON-II 914

23S/S31J0AD - AON3ND3Y4
Gl vl el 2| I Ol 60 80 L0 90 GO v 0 €0 20 10

(]

R
\u S0

HION3IYLIS TYNOIS <

»
b~
3/41V713Y

33MOH

quFm qumL x o m |




2661 ‘L 1snonv

‘'STUYNOIS 0IQVH WD 980 GNV "WI 2€ ‘WD €S ‘WD 06 ¥H04
(QOHL3W A3INNL) S3ILIVIWILSI WNYH1I3dS H3IMOd 3AIlvI3Y¥-21 914

J3S/S310AD = AIDN3INO3Y 4

S v ¢l Al 11 0Ol 60 80 L0 90
T T T T T T SO s s U
. x/qu-os
QAL RN
e 7 78
AL .
Nasdls ¥
N -7
/ér J?/r
¢
P %
W) 980"
-~

T T g

o ——

0cZ

G2

Y3IMOd 3A11VI3Y



LG

16

FER.

2G61°L 1SNONV — STYNIIS OIAVYH WD 980 ANV “WD 2¢
“WI €G “WD 06 OL ONIONOJdS3NHO0D 3I1VIS VIS NHOS
(QOHL3W A3XNL) SILVWILSI WNH1D3dS HIMOd 3AILVIIN-€I 914

J93S/S370AD - LON3ND3Y4

o)X 60 80 (0O 90 GO 0 €0 20 10 0
f T l.lﬂm.lor T T T T T 0
e o)
— X
(O111) WD 2¢-- \ \m
_ et LR
£ \ |
| ...}w,@\ o €
} ctpl\ “L
(SHPOI) WD €G- = W
) o |
= |
4 b o)
(0101) WD 980 -/ |
—Ho02
x\.
(G2ii) W) 06 /
g2




.

6666

2G61 ‘L 1SNONY NO WD 980 AONV '2¢ ‘€6
‘06 40 SHION3IT3IAVM ¥O4 80 NI HLION3YLS
TUNSIS 0IQVH HO4 101d ALINIBVEONd DJIL3IWHLINY - bl 914

73A37 N3AI19 3A08v 3WIL 40 39VIN3DO¥3d
666 66 86 66 06 08 0L 09 0§ Oy Ot O¢Z Ol S e 1

- q =00

— ._". M _m. _h. b 1 : oo_

H19N3YH1S 1TVNOIS 40 13A37 3AILVI3N

80 N!

e

EER.

)



8

2661 'L 1SNONY NO ‘WD 980 ANV ‘2¢ ‘€6
“06 1V SIUYNOIS 0i1avd O1L ONIINOJdS3HHOD

vivad 34iVvlS v3S 40 101d Ali718v80Hd JIL3IWHLIYMV-GI Ol

713A37 N3A19 3A08Y 3WIL 30 39VIN3OH3d

6666 666 66 86 G6 06 08 04 09 06 Ob 0t O¢ 0] S 4 _O
7_ | T
g + _ .i‘!,igﬁv 1 0l
__ # __ |
. | ]
TN U e S =) Sy S S B . - ; |;_w-11 - 02
_ | ; | _ ﬁ
[ R | i |
* | [ A | __ “ -
(WD 980) — e __ _ 1~ | | _ __
S5 & V.. TIPS RNPRSO | N S | S S S S 0¢
(WD 06, -0 |
(WD €6) - x + _ e ; ov
] i IJIITIRIIIFI w
; ] i ! __ | i xl.Tx
| - ” (5 ﬁ R O M 5. 0S
| _ | J ﬁ
| | ! . __ _ | _.
s TP SRR ¢ vv ,,,,, oo bl o T
| w _ | | ] R
| _ _ _. _ “ _ .
_ | _ i
T T —
" i __
| | | H _ _ . b
h ~ _ i =1 PI | p H m _ 08

. e ook, 6l

S1IHOI3H 3AVM 40 3JNLINdAV  3A1LVI3Y

3
53

fERL



19

VIII., CONCLUSIONS

In view of the many uncertainties involved and because cf the ccmplexity
of the phencmena of the reflection of radio signals from a rough surface any
definite conclusions based on such a short time interval and so few samples would
be doubtful, It is felt that the principal value of the information is that it
brings out points which scem to warrant further investigation both from the expori-
mental and the analytical viewpoint,

The following points of interest may be noted:

1, The correspondence between the power spectra for signal strength
and sea state appears to be better for the longer wavelengths,

2, The power spectra for the 0,86-cm signal strength shows little simi-
larity to the sza state and contains higher frequencies than are present in the
sea stats,

3. The rms value of the signal strength fluctuations is in nearly
every case larger for the shorter wavelangths,

L4, Pcwer spectra for the sea state data shows considerable variation
between runs on the same day as well as runs taken on different days, This would

be expected since the weather conditions werée quite variable during the periocd of
the tests,

5. The signal strength distribution is approximately log-normal, but
the sea state data shows somc deviation from either a riormal or a log-normal dis-
tribution, '

As a means of gauging the comparative roughness cf the sea surface to dif-
ferent signal wevelengths for the water waves, the number of water wave peaks
in the first Frcsnell zone {(sca Figure 16) for each radio signal was plotted
against the frequercy of the water waves (Figure 17). The number of wave crests
was plotted from the squation for watcr-wave length for wind generated [4] in
decp water,

L = 5.2 T2

where L is the length of the wave in feet and T is the period of the wave, Figure
17 shows that for shorter radlo signal wavelcngths there are fewer wave crests
at a particular watcr-wave frequancy than for longer-wave-length radio signals,
If the fluctuations of the radio signals were caussd by the horizonal movement
of the waves, then it would bs expected that the snorter wavelength radio signals
would be affected by the water waves than longer wavelength signals, The power
spectra of the signals bshaved in this manner,

To invostigate the offoct of the vertical movemant of the water causing the
reflected signal to pass in and out of phase with the direct signals, the changs
in water height required for such a phass change was determined for the differont
signal frequencies, These varied from 0,5 ft for the 0,86~cm signal to four ft
for the 9,0 signal, From this we would expect the shortecr-wave-length radid

signals to be more affected by the vertical movement of the wator than the long-
er-wave-length signals, '
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APPENDIX

analysis Toehniques

The method of cbtaining the power spectrum estinates moy be summarized by
the followling steps:

1, Autocorrelations were made on the original data by a correlation
computer using approximately 4000 sampling pcints for 40 time lags, In cach case
duplicate autocorrcelations were made to provide a chack on the computer operation,
It nmay be stated, howe vor, that the reliability and accuracy of thc computer nus
bosn well sst a“.\.is hed in provious computations.

2, From a method outlined by Tukey [2], the "raw estimates" of the

power spectrum were calculated from the autocorrelation ty performing the Fourier
cosine transfeormation,

D=1
%'%[Ao‘zg“n oanmE+Amcoe nh:] (h =« 0,1,...m) (1)

where A, is tho sutocorrelation con.ffici\.nt, for nth 1a2g, Dr. Tukey has pointed
out that these "raw sstim:tes" ars subject ic seriois zrrors because of the mathe
ematical approximaticns invouived and the propagatisn of substantial statistical
fluctuations resulting from the sampling process trroughcut the successive stops
in the utatiocn,

3. These "raw estimitcs" may then be smeootlied by applying the corr:act
factors which determins the interrelation between adjazent values, The "smoothed
Q

) [t}
power spoctrum cstimates' are thus obtained by caleuiating

Up = 023 Spay ¢ 0.54 Sp ¢ 0.23 Sps) (2)

It is these values which are then plotted as 3 functinn of frequency in Figures

3 to 13, This results in the total power between frequsncius (h—l)g and (hol)I‘
except for the end points,

4, Dr, Tukey has further shown that under the assumption of an esscne

tially Gaussian distribution for the original <ata, the vaiuves of Uy are distri-
buted according to a chi-squared distridbution with f degrees of freedonm,

rJi—;?%‘& (3)

where IV w» total number of sample points

m = total number of lags,
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Figure 18 shows the behavicr of a chi-squared distribution as a function of the
nunber of degrecs of fracdom, Thus for 50 degrees of freedom the estimate will
1ie between 0.74 and 1,45 of the true value 90% of the time, The accuracy of the
estimate increases with the number of degrees of freedom, This increase in ac-
curacy is rather gradusl above 50 degrses of freedom but drops off abruptly as
the numbsr is dscreased,

The numbor of degrees of freazdom for the curves in inis report, is approxi-
mately 43. Figure 19 illustrates 90% limits for 40 degrees of freedom for the
5.3-cn radic dala on 6 August, 1952, Included on this curve are two points cn
the 90% limit curvas for 100 dsgrees of freedom, This would correspend to about
2 times as much data for the same resolution of points on the power spsctrum
estimata,

It should be ncted that for a fixed length of data more resolution could
be cbtained only at the expsnse of degrees of freedom and, hence, accuracy, .In
the examples in this report approximately 40 degrees of freedom were chozen to
maintain a given probably accuracy. This, of ccurse, limited the bandwidth cr
resolution to the values shown, It would be desirable to increase both the re -
solution and degrees of freedom, but this could only be done by taking longer
samples of data, It may be stated that much longer dz2ta of a similar nature is
now available and is to be analyzed in the near future.

It is alsc very important that the number of samples taken from the auto-
correlation to obtain the "raw estimates" of the power spectrum be sufficient to
detact the highest frequency components in the original data, If this is nct
done, power from the higher-frequency components will be aliased into (or added
intos the true value 2t the band desired. In other words, power actualiy przs:nt
in the record at higher froguancies will appear as power in the bandwidth at l-wver
frequsncies, In the preseat examples, the choice of sampling intarv:l was chosen
to detect frequenci=s up to about 10 cycles per second, This is far more than
nezessary, since Lhc respcnse of the recording instruments is limited at fre-
GQuencizs ruch akcve 1 cycle per second. This choice, hewever, shculd not have
lirited the accuracy, but, instead, simply required more computation than ray
have been necassary.

As was pointed out earlier, this approximaticn of probable accuracy is based
upon a Gaussian distiribution of the original data, The smallness of the deviation
fron a atraight line variation on Figurss 14 and 15 shows that this was approxi-
mately true, It is of interest to note tnat the signal strength expressed in
decibels is more nearly Gaussian than when expressed in volis, It was found that
when the water data are expressed in decibels, the result was no more Gaussianly
distributed than when expressed as the originasl diffsrance quantity,
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